ABSTRACT: Anterior cruciate ligament (ACL) tears occur in isolation or in tandem with other intra-articular injuries such as meniscus tears. The impact of injury pattern on the molecular biology of the injured ACL is unknown. Here, we tested the hypothesis that the biological response of the ACL to injury varies based on the presence or absence of concomitant meniscus tear. We performed RNA-seq on 28 ACL tears remnants (12 isolated, 16 combined). In total, 16,654 transcripts were differentially expressed between isolated and combined injury groups at false discovery rate of 0.05. Due to the large number of differentially expressed transcripts, we undertook an Ensembl approach to discover features that acted as hub genes that did not necessarily have large fold changes or high statistical significance, but instead had high biological significance. Our data revealed a negatively correlated module containing 5,960 transcripts (down-regulated in combined injury) and a positively correlated module containing 2,260 transcripts (up-regulated in combined injury). TNS1, MEF2D, NOTCH3, SOGA1, and MLXIP were hub genes in the negatively correlated module and SCN2A, CSMD3, LRC44, USH2A, and LRP1B were critical hub genes in the positively correlated module. Transcripts in the negatively correlated module were associated with biological adhesion, actin-filament organization, cell junction assembly, and cell matrix adhesion. The positively correlated module transcripts were enriched for neuron migration and exocytosis regulation. These findings indicate genes and pathways reflective of healing deficiency and gain of neurogenic signaling in combined ACL and meniscus tears, suggesting their diminished repair potential. The biological response of ACL to injury could have implications for healing potential of the ligament and the long term health of the knee. ß
Anterior cruciate ligament (ACL) tears are a common injury and about 50% of these injuries are combined with meniscus tears. 1 Recent clinical and biological evidence indicates that ACL tears with concomitant meniscus tear are likely to be particularly detrimental to the joint 2, 3 as combined ACL tears have been reported to lead to an increased risk of developing osteoarthritis (OA). 4 A significant proportion of ACL tears are ultimately treated with surgical reconstruction, although this procedure has not been shown to prevent the development of OA. 5, 6 While there is clinical evidence that the risk for meniscal and chondral lesions in the knee increases with time from ACL injury, 7 little is known about how the molecular biology of the injured ACL varies with the pattern of injury. Previous molecular analyses of ACL injuries demonstrate differential gene expression in patients with mechanical stretch injury of the ACL in comparison to medial collateral ligament [8] [9] [10] and the healing response of ACL tissue to various growth factors. [11] [12] [13] [14] [15] [16] Few studies have conducted a gene expression analysis using torn ACL tissue, 17, 18 and no studies to our knowledge have included a comparative molecular analysis of gene expression in isolated and combined ACL injury patterns. It is plausible, and even likely, that the biology of the injured ACL changes with injury pattern, which may have significant implications for the healing potential of the ligament and long term health of the knee joint. This study was designed to assess the potential impact of combined injury pattern on gene expression in the injured ACL. In a prior study, it has been reported that gene expression in the injured meniscus varies based on the presence or absence of a concomitant ACL tear. 2 This raises the possibility that the converse may be true, that is, the presence of a concomitant meniscus tear is associated with differential gene expression in the injured ACL. The current prospective cohort study tests the hypothesis that the biological response of the ACL to injury varies based on the presence or absence of concomitant meniscus tear.
MATERIALS AND METHODS

Patients and Tissue Acquisition
The Institutional Review Board approved this study. All patients gave informed written consent to use tissue remnants for research purpose. Samples used in this study were harvested at the time of clinically indicated ACL reconstruction surgery from a discovery cohort of 28 patients, including 12 with an isolated injury pattern and 16 with a combined ACL and meniscus tear pattern ( Table 1) . None of the patients had any additional cartilage or ligament injury at the time of their surgery. All ACL tears were complete tears, clinically indicated for surgical reconstruction and confirmed as complete tears at the time of surgery. All meniscus tears were unstable tears indicated for repair or resection at the time of surgery. For all patients, the time from injury represents the time from initial ACL injury to surgical reconstruction of the ligament.
The labeled specimens were transported to the laboratory from the operating room in RNAlater solution (Applied Biosystems, Foster City, CA). Samples were kept at 4˚C for first 24h and then stored at À80˚C until RNA extraction. For independent validation of a subset of genes by real-time polymerase chain reaction (PCR), samples were obtained from an independent validation cohort (N ¼ 7 isolated, N ¼ 6 combined).
Total RNA Preparation and Quality Assessment RNA was extracted and purified as previously described. 17 Briefly, ACL remnants were thawed, replenished with 1 ml of Trizol reagent (Invitrogen, Carlsbad, CA) and homogenized with the use of a Polytron homogenizer (Kinematica AG, Lucerne, Switzerland). Aliquot of the homogenized suspension was transferred to a microfuge tube and incubated at room temperature for 5 min to permit the complete dissociation of nucleoprotein complexes. After addition of 200 ml of chloroform, the sample was mixed vigorously and the contents were transferred to phase lock gel tube and centrifuged for 15 min at 4˚C. The clear aqueous layer was transferred to a fresh tube and one volume of 70% ethyl alcohol was added to precipitate RNA. RNA was collected using RNeasy spin columns (Qiagen Inc., Valencia, CA) according to the instruction manual. RNA was quantified by using a NanoDrop ND-100 spectrophotometer (NanoDrop) while quality was assessed with the use of an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA).
RNA Sequencing and Analysis
A total of 50 ng of RNA for each sample was prepared with the Sigma SeqPlex version 1 kit (Sigma-Aldrich, St. Louis, MO) according to manufacturer's protocol, indexed, pooled, and sequenced across three lanes of the same flow cell on an Illumina HiSeq 3000 for a target depth of 35 million reads per sample. Basecalls and demultiplexing were performed with Illumina's bcl2fastq software and a custom python demultiplexing program with a maximum of one mismatch in the indexing read. RNA-seq reads were then aligned to the Ensembl release 76 top-level assembly with STAR v2.0.4b. 19 Gene counts were derived from the number of uniquely aligned unambiguous reads by Subread:featureCount v1. 4.5. 20 Sequencing performance was assessed for the total number of aligned reads, total number of uniquely aligned reads, and features detected. The ribosomal fraction (Supplemental Fig. S1 ), known junction saturation (Supplemental Fig. S2 ), and read distribution over known gene models (Supplemental Fig. S3 ) were quantified with RSeQC v2.3.
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All gene counts were then imported into the R/Bioconductor package EdgeR and TMM normalization size factors were calculated to adjust for samples for differences in library size. 22, 23 Ribosomal genes and genes not expressed in at least nine samples greater than one countper-million were excluded from further analysis. The TMM size factors and the matrix of counts were then imported into the R/Bioconductor package Limma. 24, 25 Performance of the samples was assessed with Spearman correlations (Supplemental Fig. S4 ) and a multidimensional scaling plot. Sample outliers with confounding levels of variance found in the correlation plot were removed from further analysis; thereby reducing the total number of patients from 28 to 25 with 16 ACL tissues with concomitant meniscus injury and nine tissues without meniscus injury. Sample performance was reassessed with hierarchical clustering (Supplemental Fig. S5 ) and statistical modeling was refitted to the reduced dataset. Weighted likelihoods based on the observed mean-variance relationship of every gene and sample were then calculated for all samples with the voomWithQualityWeights function and the data was fitted to generalized linear model with coefficients for meniscus injury status, age, sex, body mass index (BMI), time from injury, height, weight, and smoking status. Differential expression analysis was then performed to analyze for differences between damaged ACL tissues with and without meniscus tear while controlling for the remaining effects. The results were filtered for only those genes with Benjamini-Hochberg false discovery rate (FDR) adjusted p-value 0.05.
For each contrast extracted with Limma, global perturbations in known Gene Ontology (GO) terms and KEGG pathways were detected using the R/Bioconductor package GAGE to test for changes in expression of the reported log 2 fold changes reported by Limma in each term versus the background log 2 fold changes of all genes found outside the respective term. 26 The R/Bioconductor package heatmap3 27 and Pathview 28 was used to display heatmaps or annotated KEGG graphs across groups of samples for each GO term or KEGG pathway, (respectively) with a Benjamini-Hochberg FDR adjusted p-value 0.05.
To find the most critical genes correlated with ACL injuries with meniscus tears, the TMM and voom transformed data was then analyzed via weighted gene correlation network analysis with the R/Bioconductor package Fisher's Exact test.
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WGCNA. 29 Briefly, all genes were correlated across each other by Pearson correlations and clustered by expression similarity into signed hybrid modules using a power threshold of 30. An eigengene was then created for each de novo cluster and its expression profile was then correlated across all coefficients of the model matrix. Because these clusters of genes were created by expression profile rather than known functional similarity, the clustered modules were given the names of random colors where gray is the only module that has any pre-existing definition of containing genes that do not cluster well with others and was therefore excluded. For modules where the eigengene correlation exceeded 80%, edge networks were created and visualized with VisAnt 30 and then filtered by a lower limit edge weight of 0.1 to find the most highly connected genes that act as hub genes. These hub genes were then tested for functional enrichment of known GO terms with hypergeometric tests available in the R/ Bioconductor package clusterProfiler. 31 Significant terms with Benjamini-Hochberg adjusted p-value 0.05 were then collapsed by similarity into clusterProfiler category network plots to display the most significant terms for each module of hub genes in order to interpolate the function of each significant module. The hub genes for each significant module were then assessed for whether or not those features were also found to be significantly differentially expressed via Limma.
Experimental Validation of RNA-Seq Results by Quantitative
Real-Time PCR To validate the expression profiles obtained by RNA-Seq, real-time PCR was performed on differentially expressed genes and/or hub genes from blue and turquoise modules ( Table 2) . RNA was extracted from ACL tissues as above. RNA was treated with DNase-1 to remove genomic DNA contamination. A total of 250 ng of RNA was used for reverse transcription reactions using SuperScript III Reverse Transcriptase (Invitrogen) following the manufacturer's instructions. Primers for real-time PCR were designed using National Center of Biotechnology Information (NCBI) Primer BLAST (Basic Local Alignment Search Tool https://www. ncbi.nlm.nih.gov/tools/primer-blast) and obtained from Thermo-Fisher Scientific (Waltham, MA). PPIA was used as the internal control gene for normalization of fluorescence threshold (Ct) values of target genes using SYBR Green PCR Master-Mix (Applied Biosystems). Real-time PCR was performed on a 7500 Fast Real-Time PCR System to detect the gene expression level. The amplification was performed as follows: Initial denaturation at 95˚C for 10 min, followed by 45 cycles of denaturation at 95˚C for 14 sec, and annealing and extension at 60˚C for 60 sec. The relative expression levels of the genes were normalized to PPIA and calculated using the DDC t method. All reactions were performed in technical duplicates. Statistical analysis was performed using Mann-Whitney U-test (GraphPad Software, San Diego, CA) to detect the significant deference between isolated and combined injury groups. p-value 0.05 was considered statistically significant.
Data Deposition
The raw RNA-seq data were deposited to NCBI Gene Expression Ontology (http:www.ncbi.nlm.nih.gov/projects/ geo) and are accessible via the accession number GSE109419. 
RESULTS
Characteristics of Study Patients
There was no significant difference in age, BMI, time from injury and sex between isolated and combined injury groups in RNA-seq discovery cohort (Table 1) . Likewise, there was no difference in these parameters between the two groups in real-time PCR validation cohort.
Overview of RNA-Seq Data
We sequenced cDNA from nine isolated ACL remnants and 16 combined ACL remnants, with an average of 39,220,795, 50 base pair single-end, reads per sample generated that were aligned to the Ensembl GRCh38.76 reference sequence of the human genome. Our data showed that 20,489 gene transcripts out of 43,599 transcripts detected were significantly (unad- Table S1 ) passed FDR of 0.05 at any fold change. Among these, 10,306 transcripts were protein coding and the remaining 6,348 were other biotypes (Supplemental Fig. S6 ). Out of 10,306 protein coding transcripts, 7,790 were upregulated in combined injury pattern and 8,864 were down-regulated. At a fold change cut off >2 log 2 fold, only 36 were found to be up-regulated and 491 were down-regulated (Table 3) , as depicted by volcano plot (Fig. 1A) . Cluster analysis by multidimensional scaling plot of the first two principal components of leading log2 fold changes across all samples suggested that several samples previously identified with higher than expected ribosomal ratios, lower than expected junction saturation, and abnormal end bias should be excluded from further analysis (Fig. 1B) . fold change is on the x-axis and the unadjusted p-value converted to the Àlog 10 scale is on the y-axis. All genes with BenjaminiHochberg adjusted p-value 0.05 are highlighted in red. (B) Multidimensional scaling plot of the first two principal components of leading log 2 fold changes across all samples. Clustering suggests that several samples previously identified with higher than expected ribosomal ratios, lower than expected junction saturation, and abnormal end bias should be excluded from further analysis. (C) Matrix of all WGCNA de novo modules of genes identified as random color names where each module eigengene was correlated to all coefficients of a statistical model matrix. The Pearson correlation (top number in each cell) was converted to a p-value (bottom number in each cell) for ease of use. All modules have no pre-defined meaning except for the gray module that contains all genes that do not correlate well with others and the cluster was therefore non-informative and excluded. The blue and turquoise modules are uniquely correlated and significant for ACL injuries with meniscus tears while the green and red modules indicated high correlations with height in the male participants of this study.
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Quantitative Transcriptomic Differences
Due to the very large number of highly significant differentially expressed transcripts, we undertook an Ensembl approach to discover features that acted as hub genes that did not necessarily have large fold changes or high statistical significance, but instead had high biological significance. In this endeavor, we combined the normalized expression matrix and model matrix from Limma to generate de novo clusters of highly correlated genes created with WGCNA. The correlation of the eigengenes for every cluster revealed a highly negatively correlated module labeled blue containing 2,260 transcripts and a highly positively correlated module called turquoise containing 5,960 transcripts. Both modules were uniquely correlated with ACL injuries with meniscus tears (Fig. 1C) . When filtered for just those features with the most connections based on visualized edge networks in VisAnt, TNS1, MEF2D, NOTCH3, SOGA1, and MLXIP were the most highly connected hub genes in the turquoise de novo network (Supplemental Fig. S7 ) and SCN2A, CSMD3, LRC44, USH2A, and LRP1B were the most critical hub genes in the blue module (Supplemental Fig. S8 ). All hub genes and their immediate associated genes were all found to be highly statistically significant for the combined injury pattern with FDR adjusted p-value 0.05 (Supplemental Table S2 ). Heatmaps visualization of the blue and turquoise transcripts confirmed the unique clustering 
RNA-SEQ ANALYSIS OF HUMAN ANTERIOR CRUCIATE LIGAMENT TEARS
and correlation of these features to combined ACL and meniscus tears (Supplemental Fig. S9 ).
Biological Interpretation of RNA-Seq Data
Gene transcripts that varied between the two groups were distinct from each other across both modules. We focused on the differences in the biological processes significantly enriched in each module that were highly correlated with the combined injury pattern and found that the turquoise module contained transcripts that were associated with biological adhesion, cell-substrate adhesion, actin filament organization, cell junction assembly, and cell-matrix adhesion (Fig. 2) . The blue module of genes was significantly enriched for neuron migration and exocytosis regulation (Fig. 3) . Further examination of the observed fold changes from Limma for global perturbations in known GO biological process terms revealed that nearly all processes found through WGCNA and clusterProfiler were also significant globally as well as down-regulated in patients with combined injuries (Fig. 4) .
Findings of Real-time PCR Data
We observed that all 10 tested genes showed a similar gene expression pattern as that of observed by RNAseq analysis (Fig. 5) . The real-time PCR derived fold changes are very similar to the RNA-seq log 2 fold changes reported from the Limma with Voom analysis. All genes tested on the top row had an average downregulation in the combined injury pattern of approximately À2.1 log 2 fold. All genes tested on the bottom row had an average up-regulation in the combined injury pattern of approximately 1.1 log 2 fold. All genes tested by real-time PCR were significantly differentially regulated in both the analysis of the RNA-seq results via Limma with Voom as well as the GraphPad Mann-Whitney U-tests performed on the PCR results. These observations indicate a strong concordance and reliability of the RNA-seq findings.
DISCUSSION
This study demonstrates that gene expression in the injured ACL varies depending on the presence or absence of concomitant meniscus injury in the knee.
Combined ACL and meniscus tears demonstrated genes and pathways reflective of less healing potential and gain of neurogenic signaling compared to isolated ACL tears. The clinical implications of these findings are speculative. Loss of healing could decrease the likelihood of success if repair of the ACL is attempted while increased neuron migration could have some implications for restoration of proprioception. Further study is warranted to better understand if and how Figure 4 . Barplot of GO biological processes found in the filtered turquoise and blue modules that were also found to be significantly down-regulated globally across the entire observed transcriptome indicating that the gene clusters found have distinct biological functions that are unique to patients with ACL injuries and concomitant meniscus tears. GAGE_Global_FDR is the Benjamini-Hochberg FDR adjusted p-value of two singlesided t-tests on all the log 2 fold changes of every gene found in the Limma results that are members of a given GO term. As a result, GAGE used the co-expressed or co-varying nature of genes within GO terms to determine whether they were up or down regulated on a global scale throughout the entire combined versus isolated dataset. these differences impact the response of the knee to injury and treatment.
The reasons for these findings are not clear although a number of possibilities exist. First, it is possible that the presence or absence of meniscus injury actually represents a differential severity of the initial injury to the ACL. If the presence of a meniscus tear somehow blunts the initial energy transmitted to the ligament at the time of injury, this may set the ligament up to have a differential biological response. Alternatively, the presence of a concomitant meniscus injury likely affects the response of the joint and resulting effusion in the joint over time. In this case, the injured ACL would be exposed to different biological messaging, which could contribute to the differential response to injury. More research is needed to better understand the reasons for and implications of these differences.
Gene transcripts expressed at a higher level in the combined injury pattern included SCN2A, CSMD3, LRC44, USH2A, and LRP1B. These genes are mainly associated with neurogenesis and chromatic modification (as evidenced by gene ontology) with no information on their role in ligament injury and OA in the musculoskeletal literature. Thus, these genes particularly warrant further evaluation as to their role in tissue injury and disease as potential targets for therapeutic intervention.
Our data showed that TNS1, MEF2D, NOTCH3, SOGA1, and MLXIP were expressed at a lower level in combined injuries. Among this, some genes have been known to play a role in ligament injury, matrix organization and OA. TNS1 (tensin 1), a key component of focal adhesion, is involved in cytoskeleton organization and is required for myofibroblast differentiation and extracellular matrix (ECM) formation. 32 Hence it is likely that lower expression of TNS1 following a combined injury suggest less matrix synthesis and thus less repair potential. This is supported by the fact that TNS1 also plays an essential role in TGF-b-induced myofibroblast differentiation and formation of extracellular fibronectin and collagen matrix. 32 While historically known as myocyte enhancer factor 2D, global knockout of MEF2D does not impair muscle regeneration. 33 It has been shown that MEF2D acts as a key transcriptional mediator of pathological remodeling in the adult heart downstream of various stress-promoting insults. 34 It is, therefore, expected that repression of this gene following combined ACL and meniscus injury decreases the potential for ligament remodeling. The Notch pathways are evolutionary conserved key regulators of embryonic development and are crucial for tissue homeostasis in adults. 35 NOTCH3 is particularly important for up-regulation of MAP kinase signaling as well as for promoting cell proliferation and survival. 36 Thus, loss of expression of this gene after a combined injury likely decreases cell proliferation. While there is no known role of SOGA1 in tissue repair or matrix synthesis, the glucosesensing transcription factor MLX (MLXIP) is known to promote myogenesis likely through myokines such as insulin-like growth factor 2, 37 suggesting a mechanism whereby decreased expression after a combined injury could inhibit tissue repair.
Biological processes related to biological adhesion, cell-substrate adhesion, actin filament organization, cell junction assembly, and cell-matrix adhesion were repressed in the combined injury pattern. Generally, a diminished expression of genes related to the aforementioned processes represent loss of collagen or ECM syntheses. It is known that ECM organization (i.e., collagen network formation, actin filament organization) is an important aspect of tissue repair optimizing structural and functional integrity. Repressed ECM synthesis suggests less healing potential of these injuries as has been previously observed. 17 These findings are also in line with other studies demonstrating that the lack of provisional scaffold formation (collagen matrix synthesis) within the joint environment is a key reason for the failure of ACL healing. 38, 39 This is also coupled with the fact that biological processes related to collagen biosynthesis are negatively correlated with time from injury in isolated ACL tears. 17 From these observations it becomes evident that a decrease in ECM synthesis coupled with a decline in actin filament organization potentially hampers ACL healing. Our data suggests that the potential of the injured ACL to heal, if any, is likely to be worse following combined injuries compared to isolated ligament tears. Such a hypothesis is further supported by the fact that biological processes related to cell adhesion were repressed in the combined injury pattern compared to the isolated injury pattern. Previous studies have speculated that healing likely involves a complex sequential and synchronized series of events, involving angiogenesis, collagen production, cell migration and proliferation, and matrix remodeling, all of which appear to be repressed in the combined injury pattern.
Another important, and related, biological process that was elevated in the combined injury pattern was exocytosis regulation. Exocytosis is a form of active transport in which a cell transports molecules out of the cell by expelling them through an energy-dependent process. This is a calcium-dependent process that is initiated following membrane injury 40 in which calcium ions trigger synaptic vesicle exocytosis, thereby releasing the neurotransmitters contained in the vesicles and initiating synaptic transmission. 41 Along these lines, a study has shown that there is a direct correlation between the degree of (cell) membrane injury and exocytosis. 42 This may partially explain why exocytosis was elevated in the combined injury pattern where there may be more severe damage to the tissues and cells in the ACL.
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A potential limitation of current study is the possibility of temporal variation in gene expression in these tissues. Such variance is unknown and presents an important opportunity for future studies. With the modern advances in RNA-seq technology, the identification of gene variants is possible and should be the focus of future studies. Furthermore, the effect of individual patient variance is unknown and may be a significant confounder of the results.
In conclusion, this study provided initial data regarding gene expression in patients with isolated ACL injuries compared to patients with a combined injury pattern. Our hypothesis that gene expression in ACL tears varies with injury pattern was confirmed. Our hypothesis was supported by the unbiased observations of transcriptome-wide gene expression analysis, which demonstrated that injury pattern drove important differential genes and pathways depending on the meniscus injury. This information is an important advance in our understanding of these common knee injuries. Combined injury patterns express a different molecular phenotype that is indicative, to some extent, of a less robust healing response than an isolated injury pattern with increased involvement of neurogenic signaling. More research is warranted to further characterize these differences and assess their clinical implications.
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